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EVs  (Electric  vehicles)  have  garnered  much  of  attention  over  the  past  few  decades  as  a  promising  so¬ 
lution  to  greenhouse  gases  in  transportation.  In  this  paper,  a  feasibility  study  is  performed  applying  a  TE 
(thermoelectric)  device  to  the  energy  storage  system  of  an  electric  vehicle.  By  applying  a  TE  device  to  the 
Li-family  battery  system,  the  effectiveness  of  the  TE  device  for  possible  cooling  or  pre-heating  of  the 
battery,  or  to  recover  the  electrical  energy  from  the  waste  heat  are  investigated.  Based  on  the  simulated 
flow  field  and  temperature  distribution,  the  effective  locations  of  thermoelectric  devices  are  identified 
and  installed,  and  their  performances  in  view  of  heat  recovery  or  pre-heating  during  winter  and  cooling 
performance  during  summer  are  evaluated  by  simulation.  In  addition,  the  results  are  verified  through  an 
experimental  setup  under  a  controlled  environment  of  air  flow  and  temperature.  Based  on  the  simulation 
and  experiment,  the  overall  effectiveness  of  cooling  or  heating,  and  waste  heat  recovery  quantity  is 
evaluated.  It  is  found  that,  though  the  cooling  or  pre-heating  energy  is  small,  the  functional  benefit  to  the 
efficiency  and  charging/discharging  performance  of  battery  system  can  contribute  significantly  to  sound 
battery  operation,  hence  to  the  reliability  and  overall  performance  of  EVs. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

The  transportation  sector  has  been  a  top  contributor  to  GHG 
(global  greenhouse  gas)  emissions.  EVs  (Electric  vehicles)  have 
garnered  considerable  attention  over  the  past  few  decades  as  a 
promising  solution  to  global  GHG  (global  greenhouse  gas)  emis¬ 
sions.  A  thermoelectric  generator  or  TEG  (thermoelectric  gener¬ 
ator)  is  a  device  that  converts  waste  heat  into  electricity.  Recently,  it 
became  very  popular  as  a  method  of  improving  fuel  economy  and 
total  efficiency  of  either  ICE  (internal  combustion  engine)  driven 
vehicles  or  electric  vehicles.  According  to  the  U.S.  DOE  (Department 
of  Energy),  about  15%  of  the  total  fuel  energy  of  ICE  vehicles  is 
consumed  to  run  a  car  and  its  auxiliary  units,  but  most  of  the  other 
energy  is  transformed  into  heat  during  vehicle  operation,  which 
consequently  and  directly  contributes  to  the  acceleration  of  global 
warming  [1].  To  deal  with  this  generation  of  heat,  an  ATEG  (auto¬ 
motive  thermoelectric  generator)  is  a  device  that  converts  waste 
heat  in  ICE  vehicle  operation  into  electricity,  and  many  researchers 
have  demonstrated  ATEG  prototype  modules  achieving  40%-70% 
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efficiency  [2,3].  The  lifetime  of  an  ATEG  can  be  10-20  years  without 
maintenance  with  low  $/W  installation  cost.  The  overall  vehicle  fuel 
economy  improvement  has  shown  a  1  -4%  increase  depending  on 
the  vehicle  type  [4,5]. 

Thermal  management  of  batteries  in  EVs  and  HEVs  (hybrid  EVs) 
is  essential  for  effective  operation  in  all  weather  conditions  because 
the  performance  and  cost  of  EVs  are  directly  affected  by  the  per¬ 
formance  (power  and  energy  capability),  lifespan,  reliability,  charge 
acceptance,  and  cost  of  batteries.  Battery  temperature  typically 
increases  from  its  initial  state  with  active  operation  of  charging  and 
discharging  because  of  internal  heat  generation  caused  by  elec¬ 
trochemical  reactions  and  resistance  or  Joule  heating.  Thermal 
management  has  been  emphasized  in  the  design  of  battery  mod¬ 
ules  and  packs  when  applied  to  the  production  of  those  EVs.  Battery 
temperature  affects  the  available  discharge  power  and  energy,  as 
well  as  the  charging  range  of  accepting  brake  regeneration  elec¬ 
trical  energy.  Battery  temperature  also  influences  the  lifespan  of 
the  battery  significantly. 

Thus,  the  objective  of  thermal  management  of  a  battery  system 
is  to  maintain  the  operating  temperature  within  a  range  that  is 
optimized  for  performance  and  lifespan.  Each  battery  type  works 
better  in  a  particular  temperature  range,  for  example,  lead-acid, 
NiMH  (nickel  metal  hydride),  and  Li-ion  (lithium  ion)  batteries 
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are  operated  optimally  under  conditions  between  25  and  40  °C,  and 
at  these  temperatures,  they  achieve  a  good  balance  between  per¬ 
formance  and  lifespan  [6-8]. 

Another  objective  of  the  thermal  management  of  battery  is  to 
maintain  even  temperature  distribution  within  a  battery  pack  [9]. 
The  temperature  variation  from  module  to  module  in  a  pack  could 
cause  different  charge  and  discharge  behaviors  of  each  module, 
resulting  in  electrically  unbalanced  modules  and  packs  with  dete¬ 
riorated  overall  performance  as  an  energy  storage  system.  For 
optimal  operation,  a  temperature  variation  of  less  than  5  °C  is 
desirable  between  modules.  The  overall  heat  generation  rate  from  a 
battery  pack  during  the  charging  and  discharging  process  de¬ 
termines  the  required  capacity  of  the  cooling  system  [10].  For 
example,  a  Li-ion  battery  pack  with  6  Ah  energy  storage  capacity 
generates  12  W/cell  at  0  °C,  3.5  W/cell  at  22-25  °C,  and  1.22  W/cell 
at  40-50  °C  when  the  discharge  rate  is  5  C,  where  the  C-rate  is 
defined  as  the  nominal  current  used  by  the  battery  divided  by  1  h. 
For  cooling  purposes,  forced  air  or  natural  convection  process  are 
frequently  applied. 

In  this  study,  we  will  examine  the  effect  of  cooling  by  using  a 
thermoelectric  generator  on  a  battery  pack  system.  Typical  ther¬ 
moelectric  materials  with  a  high  Seebeck  effect  are  semiconductors 
with  high  electric  conductivity  and  low  thermal  conductivity.  The 
most  common  materials  are  Bi2Te3,  PbTe,  and  SiGe,  and  less 
frequently  used  are  n-type  BiSb,  and  p- type  TAGS  and  FeSi2,  which 
also  have  good  thermoelectric  properties  [4].  Usually  the  symbol  ZT 
represents  the  thermoelectric  material  effectiveness,  and  a  high  ZT 
means  that  the  TEG  can  convert  more  heat  energy  into  electric  en¬ 
ergy.  Nissan,  GM  Chevy,  and  BMW  have  tested  TEG  in  their  vehicles. 
The  primary  challenge  of  TEG  is  its  relatively  low  heat-to-electricity 
conversion  efficiency,  and  research  groups  are  attempting  to 
improve  the  intrinsic  conversion  efficiency  of  thermoelectric  mate¬ 
rials,  even  utilizing  new  nano-crystalline  or  nanowire  materials  [11  ]. 

Low-temperature  heat  can  be  recovered  if  the  cost  per  watt,  $/W, 
is  sufficiently  low.  With  the  recent  technological  developments  in 
the  TEG  field,  the  application  potential  has  increased.  Several 
studies  are  reported  to  recover  low-temperature  heat  by  applying  a 
high  Seebeck  coefficient  of  TE  material  or  a  new  architectural  pro¬ 
posal  to  enhance  the  recovered  heat  capacity,  like  inserting  a  space 
inside  the  TE  device  [9,11,12].  An  extensive  study  about  thermo¬ 
electric  generators  for  automotive  waste  heat  recovery  systems 
through  numerical  modeling,  parametric  evaluation,  and  topologies 
has  been  reported  [2,3].  Fuel  cell  application  of  waste  heat  recovery 
has  been  also  studied  in  view  of  numerical  modeling  of  a  thermo¬ 
electric  generator  with  a  compact  plat-fin  heat  exchanger  for  high- 
temperature  PEM  fuel  cell  exhaust  heat  recovery  [13]. 

The  maximum  power  output  of  the  thermoelectric  device, Wmax 
is  expressed  as. 


Wmax  = 


((Sp-Sn)A7)2 

4  R 


(1) 


where  AT  is  the  temperature  difference  between  the  hot  side  and 
the  cold  side,  R  is  the  electrical  resistance  of  the  thermoelectric 
device,  5  is  the  Seebeck  coefficient,  and  the  subscripts  p  and  n 
denote  the  p-  and  n-type  thermoelectric  semiconductors,  respec¬ 
tively  [8].  As  shown  in  Eq.  (1),  large  Seebeck  coefficients,  a  large 
temperature  difference,  and  low  electrical  resistance  are  required 
to  obtain  high  power  output. 

In  this  paper,  a  combined  numerical  model  is  developed  to 
investigate  the  flow  and  thermal  field  distribution  for  an  onboard 
battery  system  and,  thus,  to  examine  a  TE  device's  effect  on  battery 
cooling  and  heating,  and  waste  heat  recovery  from  the  battery  heat 
during  operation  is  evaluated  considering  seasonal  ambient  tem¬ 
perature  change.  In  addition,  a  lab-based  experimental  setup  is 
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Fig.  1.  Battery  performance  and  life  extension  by  applying  thermoelectric  device  for 
thermal  management  while  generating  electric  energy  for  an  electric  vehicle. 


developed  simulating  the  battery  room  in  an  EV,  and  the  effec¬ 
tiveness  of  the  TE  device  during  summer  and  winter  has  been 
verified  in  terms  of  cooling,  pre-heating  of  battery  start-up,  and 
waste  heat  recovery.  The  objective  of  this  research  is  graphically 
summarized  in  Fig  1. 

In  summer,  the  battery  operating  temperature  is  higher  than 
that  required  for  optimal  performance;  therefore,  cooling  is 
necessary.  As  the  localized  temperature  rise  might  cause  an  un¬ 
balance  of  cell  and  pack  performance,  it  is  necessary  to  keep  uni¬ 
form  temperature  distribution.  Therefore,  in  this  study,  TE  devices 
are  placed  locally  in  the  possible  hot  spot  area  for  efficient  cooling 
of  battery  cells  or  packs,  as  conceptually  shown  in  Fig.  2.  The  TE 
device  does  not  require  additional  refrigerant  or  pumps,  nor  is  it 
affected  by  any  mechanical  vibration  environment,  which  will  help 
the  EV  operating  in  the  long  range. 

During  the  winter  season,  ambient  temperature  is  lower  than 
the  battery  or  motor/inverter's  temperature,  the  thermoelectric 
device  can  be  used  as  a  pre-heating  device  or  for  waste  heat  re¬ 
covery,  as  in  Fig.  2.  As  shown  in  Eq.  (1),  the  recovered  electrical 
power  by  TEG  can  be  used  as  additional  energy  so  that  the  overall 
efficiency  can  be  raised.  Additional  consideration  must  be  given  to 
the  fact  that  the  TEG  device  can  behave  as  a  thermal  insulator  to  the 
battery  cells  or  packs,  so  the  battery  performance  might  be  affected 
or  degraded.  Therefore,  it  is  important  to  have  a  well-considered 
and  optimized  TE  configuration  based  on  accurate  prediction  of 
efficiency  improvement  by  TEG  and  efficiency  degradation  due  to  a 
battery  temperature  increase. 


Fig.  2.  TE  device  application  concept  for  different  seasonal  requirements  for  an  EV 
battery  system. 
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Thus,  in  this  study,  the  cooling  effect  of  the  battery  system  by  a 
TE  device  during  summer  season,  and  pre-heating  and  waste  heat 
recovery  during  winter  season  is  simulated  and  optimized  in  view 
of  optimal  TE  configuration.  Reviewing  the  published  papers  in  the 
related  field,  this  study  involves  in  a  unique  subject  of  applying  a  TE 
device  in  energy  storage  system  of  an  electric  vehicle.  And  through 
the  flow  and  temperature  simulation  by  CFD  (computational  fluid 
dynamics)  techniques,  the  resultant  effects  are  quantified.  In 
addition,  a  simplified  but  controlled  laboratory-based  experimental 
test  setup  is  designed  and  validated  with  simulation  results  with 
various  ambient  conditions,  battery  heating  due  to  its  operation, 
and  TE  activities.  By  applying  a  thermoelectric  device  over  the 
battery  pack  surface,  the  cooling  effectiveness  during  summer,  and 
the  pre-heating  and  waste  heat  recovery  performance  during 
winter  have  been  quantified  through  simulation  and  lab- 
environment  experiment. 

The  rest  of  this  paper  is  organized  as  follows.  Section  2  presents 
the  simulation  modeling  of  a  battery  room  with  electric  vehicle 
specification,  CFD  approach  and  the  simulation  results.  The 
experimental  setup  and  results  on  the  effect  of  TE  device  over  the 
battery  pack  with  the  variation  of  surrounding  temperature  con¬ 
ditions  of  summer  and  winter  are  provided  in  Section  3.  And  con¬ 
clusions  are  followed  in  Section  4. 

2.  Simulation  of  a  flow  field 

2.1.  Battery  room  and  an  EV  specification 

The  vehicle  used  for  this  study  is  an  electric  vehicle  converted 
from  a  commercial  SUV  type.  An  AC  induction  motor  with  the 
maximum  of  60  kW  and  continuous  output  of  25  kW  is  applied, 
driven  by  220  V  AC,  with  Li-polymer  battery  with  320  V  DC  and 
13  kWH  energy  storage  capacity,  as  shown  in  Fig  3,  along  with 
interior  battery  room.  In  addition  to  the  main  power  drive  system, 
air  conditioning  is  performed  by  a  1.5  kW  BLDC  motor  and  the 
braking  system  is  operated  by  a  1.0  kW  integrated  vacuum  pump 
and  motor  system  (Fig.  4). 

2.2.  Flow  and  temperature  simulation 


Flow  inlet  1  ( - : - » 

- .....  1  Symmetry  plane  | 

W  Jj  Flow  outlet  1 


Fig.  4.  Battery  room  model. 


frequently  in  engineering  analysis.  In  this  paper  we  focus  on  the 
application  of  CFD  as  an  engineering  tool  for  flow  and  thermal  field 
analysis  in  order  to  quantify  the  effect  of  TE  device  over  a  battery 
pack  in  an  electric  vehicle.  While  numerous  published  papers  are 
available  in  developing  the  governing  equations  and  in  deriving 
efficient  calculation,  here  we  only  describe  the  basic  approach  of 
the  simulation  approach.  And  the  commercial  codes  CFD  ACE+  [16], 
CFX  [17],  FLOW-3 D  [18]  and  FLUENT  19]  are  investigated  for  spe¬ 
cific  application  area  for  comparison  [20  .  For  the  flow  and  thermal 
analysis,  in  this  paper,  the  commercial  numerical  software  CFD- 
ACE+  has  been  used  for  thermal  design  and  analysis,  which  re¬ 
quires  a  heat  transfer  model  (conduction  and  convection),  flow 
field  (laminar  and  turbulent),  and  electrical  field  (DC  conduction 
and  Seebeck  effect)  numerical  modeling  and  calculation.  The 
characteristic  of  indoor  air  motions  are  always  difficult  to  identify, 
whether  it  is  locally  induced  turbulence  or  transitional  or  fully 
developed  turbulence.  Since  there  is  no  interest  in  highly  fluctu¬ 
ating  turbulent  motion  in  this  case,  the  governing  equations  are 
time-averaged  and  the  most  extensively  used  turbulent  transport 
model,  k-e,  is  employed  to  model  the  flow  [21—23].  The  resulting 
mean  conservation  equations  can  be  written  as  follows: 

I  «*>-£N5T'u*)+s,.  (2> 


Today  CFD  modeling  and  calculation  are  amply  and  well 
described  in  many  text  books  [14,15]  and  applied  routinely  and 


Fig.  3.  An  electric  vehicle  and  battery  room  pictures  for  simulation  model  and  TE  study 
model. 


where  0  (=1  [continuity],  U,  V,  W,  k  and  e,  etc.)  represents  any  mean 
scalar  variable  or  velocity  component.  The  diffusion  coefficient,  r^, 
and  the  source  term,  S^,  are  given  in  Ref.  [7]  for  three-dimensional 
fluid  dynamic  governing  equations.  As  the  boundary  conditions, 
molecular  viscosity  becomes  as  significant  as  eddy  viscosity 
(pr  =  CMp/<2/^)  due  to  the  dumping  effect  of  the  walls.  In  such  re¬ 
gions,  the  standard  k-e  model  is  not  applicable  and  wall  functions 
are  employed  in  order  to  evaluate  the  velocity  component  parallel 
to  the  boundaries  and  the  heat  transfer  at  the  surfaces.  According  to 
this  method,  the  heat  flux  from  the  wall  at  a  constant  temperature 
can  be  written  as 

Qw  =  cpA(Ta  —  Tw),  (3) 

where  Q.  is  the  heat  flux  from  the  wall  to  the  room,  Ta  is  the  air 
temperature  in  the  room,  A  is  the  area,  and  cp  is  a  wall  function 
coefficient  and  is  computed  as  a  function  of  the  local  flow  in  W/ 
m2  °C.  To  reduce  the  calculation  time,  the  half  of  the  model  has 
been  calculated  with  the  symmetry  condition.  With  the  rectangular 
structured  mesh,  the  total  number  of  cells  used  is  128,464.  From  the 
physical  battery  room  of  Fig.  3,  the  simplified  battery  room  model  is 
described  in  Fig.  4.  The  overall  geometry  is  simulated  with  rect¬ 
angular  shapes,  as  shown  in  Fig.  5,  and  the  cooling  fan  at  inlets  and 
outlets  are  simulated  with  rectangle  shapes,  and  100  cells  of  the 
battery  system  are  modeled  as  a  bulk  solid  with  internal  heat 
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Fig.  5.  Simulation  domain  and  mesh  generation. 


generation  of  640  W  (assuming  5%  of  battery  energy  conversion 
efficiency),  which  correspond  to  2.03  kW/m2. 

The  effective  heat  transfer  coefficient  through  the  vehicle  win¬ 
dow  was  set  as  3.33  W/m2I<,  from  the  combined  heat  transfer  co¬ 
efficient  of  generic  heat  loss  through  the  window  and  to  the 
ambient  air.  The  effective  heat  transfer  coefficient  through  the  side 
walls  and  the  ceiling  surface  of  the  vehicle  was  set  as  9.09  W/m2I< 
by  combining  the  heat  loss  coefficient  through  the  side  wall  and  to 
the  ambient  air.  The  simulation  conditions  are  summarized  in 
Table  1. 


2.3.  TE  modeling  for  simulation 

TE  devices  are  installed  on  the  top  surface  of  the  battery  system 
with  a  total  thickness  of  10  mm  including  upper  and  lower  elec¬ 
trodes  of  2  mm.  Commercialized  TE  devices,  TE20-127-12,  with  a 
Seebeck  coefficient  of  100  pV/I<  (Table  2)  in  the  form  of  thermopile 
with  several  tens  of  n/p- type  device  legs  in  series  were  employed 
for  this  study.  For  convenience  of  calculation,  the  thermopile  is 
modeled  as  a  single  unit  with  larger  area  and  a  higher  Seebeck 
coefficient  for  equivalent  heat  calculation. 

2.4.  Simulation  results 

The  simulated  flow  distribution  is  shown  in  Fig.  6  in  terms  of  the 
local  flow  velocity  and  the  streamline  distribution.  The  inlet  air  for 
cooling  flows  at  8  m/s  through  the  battery  room  and  is  discharged 
to  the  outside  at  the  same  speed. 

In  summer  conditions  with  an  ambient  temperature  of  30  °C, 
the  temperature  distribution  around  the  battery  room  when 
operating  is  shown  in  Fig.  7.  Under  steady  state  condition,  the  local 
battery  temperature  shows  68.2  °C  as  an  average  and  70  °C  as  a 
maximum  under  640  W  of  heat  generation  from  the  battery.  And 


Table  1 

Simulation  condition  summary. 


Items 

Specification 

Battery 

320  V  x  40  A 

Battery  efficiency 

5% 

Forced  air  velocity  at  inlet  and  outlet 

8  m/s 

Ambient  temperature  (summer) 

30  °C 

Ambient  temperature  (winter) 

0°C 

Table  2 

Physical  properties  for  simulation. 


Density 

(kg/m3) 

Specific  heat 

((J/kg)-K) 

Conductivity 

((W/m)-K) 

Electrical 
conductivity 
(Q-1  m-1) 

Seebeck 

constant 

(gV/K) 

Air 

1.164 

1007 

0.0263 

N/A 

N/A 

Battery 

1150 

1460 

5 

N/A 

N/A 

TE  material 

13,546 

139.6 

8.5 

9.6  e  +  7 

100 

Electrode 

8960 

385 

385 

1.7  e  +  8 

6.5 

Regulator 

7900 

470 

48 

N/A 

N/A 

the  maximum  temperature  occurs  at  the  center  region  of  the 
battery  pack. 

With  the  TE  devices  installed  on  the  top  side  of  the  battery,  the 
local  temperature  was  reduced  by  0.5  °C  by  attaching  TE  devices 
with  no  electrical  power  to  the  TE  device.  This  result  is  caused  by 
the  passive  cooling  effect  due  to  the  high  thermal  conductance  of 
TE  material.  When  the  electrical  power  is  supplied  to  the  TE  device, 
i.e.  the  active  TE  action  case,  the  spatially  averaged  battery  tem¬ 
perature  is  examined  with  variable  input  voltage  levels  to  the  TE 
device,  as  shown  Fig.  8.  The  cooling  effect  due  to  the  thermal 
electric  property  and  the  heating  effect  due  to  the  Joule  heating 
vary  depending  on  the  input  voltage;  thus,  the  temperature  de¬ 
creases  with  lower  input  voltage  and  increases  with  higher  input 
voltage  region,  as  in  Fig.  8.  Thus,  it  can  be  concluded  that  an  optimal 
supplying  voltage  exists  for  the  most  efficient  cooling  performance 
with  a  given  installed  layout  of  a  TE  device. 

In  this  case,  when  the  supply  voltage  is  3  mV,  the  cooling  effect 
is  maximized  with  the  battery  temperature  of  35.7  °C.  The  local 
temperature  decrease  is  more  than  30  °C  with  the  TE  device 
installed  on  the  top  side  of  the  battery  pack  when  compared  with 
the  condition  without  TE  devices.  This  means  that  the  cooling  effect 
of  the  TE  device  during  high  ambient  temperature  season  will 
positively  help  the  battery  thermal  management,  and  thereby 
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Fig.  6.  Velocity  and  streamline  distribution  results  from  flow  field  simulation. 
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Fig.  7.  Simulated  temperature  field  distribution  during  summer.  Fig.  9  Pre_heating  performance  with  an  active  TE  device. 


battery  charging  and  discharging  capability  and  efficiency,  and  its 
durability.  These  results  also  indicate  that  the  TE  devices  with  a 
higher  Seebeck  coefficient  will  provide  better  cooling  performance 
and  efficiency. 

During  the  cold  ambient  temperature  environment  of  winter, 
simulated  at  0  °C,  the  pre-heating  capability  before  operation  of  the 
battery  and  waste  heat  recovery  during  battery  operation  are 
examined  through  the  simulation.  Under  subzero  conditions  when 
the  battery  is  started  up,  the  required  activation  energy  for  the 
battery's  chemical  reaction  cannot  be  achieved;  the  battery  pro¬ 
vides  a  lot  lesser  power  than  is  required  and  can  possibly  be 
permanently  damaged.  Typically,  the  battery  must  be  heated 
rapidly  after  a  cold  start-up  at  -30  °C,  where  it  requires  5  kW  of 
power  to  a  temperature  at  which  that  the  battery  can  deliver  near 
full  power  discharging  of  25  kW  [21]. 

The  same  TE  device  is  installed  in  the  simulation  model  as  in 
summer  case.  The  temperature  distribution  inside  the  battery  room 
with  -3  mV  of  electrical  supply  power  is  shown  in  Fig.  9.  Supplying 
the  negative  electrical  power  means  that  the  efficient  heating  is 
expected  on  the  battery  side  of  the  TE  device  because  the  TE  device 
heats  and  cools  simultaneously,  and  effective  heating  can  be  ob¬ 
tained  by  diminishing  the  cooling  effect  due  to  the  Joule  heating  of 
the  TE  device. 


With  -3  mV  of  electrical  supply  to  the  TE  device,  the  spatially 
averaged  battery  temperature  reached  34.6  °C,  which  is  an  appro¬ 
priate  operational  temperature  of  the  battery.  Since  the  heat  from 
the  battery  is  generated  when  operating,  the  required  heat  quantity 
for  pre-heating  will  be  smaller  than  such  a  case.  Thus,  the  supply 
voltage  can  be  lower  than  -3  mV  for  the  practical  application.  By 
varying  the  input  voltage  to  the  TE  device,  the  spatially  averaged 
battery  temperature  trend  is  shown  in  Fig.  10.  The  required  elec¬ 
trical  energy  to  pre-heat  the  battery  up  to  20  °C  is  calculated  with 
400  W  with  2.2  mV  of  electrical  power  supply. 

Waste  heat  recovery  during  cold  ambient  condition  is  also 
simulated  with  the  same  installation  concept  as  in  the  summer  case 
above.  The  local  temperature  distribution  inside  the  battery  room 
from  the  simulation  is  shown  in  Fig.  11.  The  spatially  averaged 
temperature  is  calculated  as  31.6  °C  and  the  maximum  is  31.2  °C 
with  about  30  °C  temperature  difference  from  the  ambient. 

The  electrical  field  distribution  results  from  the  simulation  are 
shown  in  Fig.  12  with  the  calculated  open  circuit  voltage  of  38.9  pV 
due  to  the  temperature  difference  of  both  sides  of  the  installed  TE 
device,  which  means  that  the  small  amount  of  waste  heat  recovery 
is  obtained  without  having  additional  heating  device,  thereby 
improving  the  overall  energy  efficiency  of  the  system.  The  applied 
TE  material  for  this  simulation  is  with  the  Seebeck  coefficient  of 


Fig.  8.  Averaged  battery  temperature  change  with  input  voltage  to  a  TE  device  for  Fig.  10.  Averaged  battery  temperature  change  with  TE  input  voltage  in  pre-heating 
cooling  action.  action. 
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Fig.  11.  Battery  room  temperature  distribution  when  battery  is  operating  under  winter 
condition. 


100  pV/K,  but  the  generated  electrical  voltage  and  energy  can  be 
increased  with  a  higher  Seebeck  coefficient  of  TE  material,  as 
shown  in  Fig.  13. 

3.  Experimental  setup  and  results 

3.1.  Objectives  of  the  experimental  setup 

In  order  to  verify  the  simulation  results  by  deriving  proper 
physical  parameters,  a  simplified  experimental  setup  has  been 
designed  and  implemented  in  the  lab-environment  for  controlled 
experiments.  The  battery  has  been  modeled  as  a  set  of  20  of  acrylic 
and  5  copper  blocks,  with  the  each  block  size  measured  as 
50  mm  x  50  mm  x  23.7  mm.  The  space  between  the  battery  cells  is 
set  as  5  mm,  which  is  1  / 10  of  the  battery  cell  size.  The  battery  model 
has  been  placed  inside  the  duct,  simulating  the  equivalent  air  flow 
condition  with  constant  air  velocity.  To  simulate  the  ambient 
temperature,  the  temperature  in  the  test  setup  can  be  varied  with 
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Fig.  12.  Thermoelectric  distribution  with  waste  heat  recovery  from  the  battery. 


the  test  conditions.  For  the  heat  generation  model,  a  cylindrical 
cartridge  heater  with  110  W/220  V  was  used  to  supply  an  equiva¬ 
lent  amount  of  heating  as  in  the  actual  vehicle.  The  heater  was 
placed  in  the  center  of  a  copper  block,  as  shown  in  Fig.  14,  where 
the  adjacent  blocks  are  also  copper  blocks  to  model  the  actual 
condition  of  heat  generation  inside  the  battery  room  (Fig.  15). 

The  bottom  side  of  the  battery  model  is  covered  with  Bakelite 
plate  and  Styrofoam  material  for  thermal  insulation  conditions  due 
to  their  low  thermal  conductivity.  TE  device  for  the  experiment  is 
installed  on  the  top  of  the  subject  copper  block,  and  the  specifi¬ 
cation  of  applied  TE  device  is  described  in  Fig.  15.  In  order  to 
improve  the  performance  of  the  TE  device,  the  fin-type  heat 
exchanger  device  has  been  added,  as  shown  in  Fig.  14.  Then,  the 


Fig.  14.  Simple  diagram  and  picture  of  experimental  setup. 
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Model 

TS20-127-12 

(manufactured  by  Thermotron) 

Max  current 

19.4  (A) 

Max  heat  capacity 

153.6  (W) 

At  25°C 

Max  voltage 

16.2  (V) 

Max  temperature 

70  to 

Size  (AxBxCxH) 

50x50x50x3.7  (mm) 

. _ £ _ . 

H 

|  u 


Fig.  15.  Specification  of  a  TE  device  used  for  experiment  setup. 


temperature  over  the  copper  block  is  measured  with  ten  sets  of 
surface  thermocouples.  For  the  real-time  temperature  distribution 
measurement,  an  infrared  camera  is  placed  on  the  top  side  of  the 
battery-model  block.  To  control  the  emissivity  of  those  block  sur¬ 
faces,  the  non-reflective  black  film  has  been  added  for  accurate 
infrared  temperature  measurement.  Test  conditions  are  summa¬ 
rized  as  follows. 


9  9  60- 


—  Cu  Temperaturef  C) 
—  Air  TemperaturefC) 
—  Heater  Power(W) 


Time(sec) 


(a)  The  summer  season 


Flow  condition: 

Air  velocity:  1  m/sec  homogeneous  flow 
Ambient  temperature  of  summer  conditions:  30  °C 
Ambient  temperature  of  winter  conditions:  18-20  °C 
Battery  heat  generation: 

Summer  conditions:  40.8  W  at  60  °C 
2.2  W  at  30  °C 

Winter  conditions:  56.1  W  at  20  °C 

The  actually  measured  temperatures  of  test  setup  components 
are  shown  in  Fig.  16  to  verify  the  simulated  condition  compared 
with  the  actual  battery  in  a  vehicle. 


3.2.  Test  results  of  summer  conditions 

3.2.1.  Cooling  effect  by  the  TE  device 

When  the  electrical  power  is  supplied  to  the  TE  device,  one  side 
generates  heat  and  the  other  side  absorbs  heat.  With  this  property, 
the  heating  or  cooling  of  the  battery  is  possible.  Under  summer 
conditions,  the  cooling  of  the  battery  was  performed  to  evaluate  the 
performance  of  the  TE  device,  of  which  results  are  described  in  Fig. 
17.  As  observed  in  the  simulation,  there  exists  an  optimal  input 
electrical  voltage  or  power.  When  the  electrical  current  toTE  device 
was  varied  from  0  A  to  2.0  A,  the  temperature  of  the  copper  block 
dropped  from  59  °C  to  56  °C  and  then  started  to  increase  at  1.8  A. 
Thus,  in  this  case,  the  optimal  current  range  for  cooling  of  the  TE 
device  is  found  to  be  between  1.6  A  and  1.7  A. 

Based  on  the  observation,  the  cooling  performance  is  measured 
with  a  supply  current  of  1.6  A,  and  the  cooling  performance  results 
are  summarized  in  Fig.  18.  With  1.6  A  of  electric  current  supply  to 
the  TE  device,  the  battery  temperature  was  lowered  by  2.8  °C  after 
180  s  starting  from  60  °C.  After  6  min,  the  temperature  did  not  drop 
any  more,  remaining  at  57  °C,  because  the  heating  and  cooling  rates 
are  the  same  and  thermal  equivalence  condition  had  been  reached. 
If  a  TE  device  with  a  higher  Seebeck  coefficient  is  used,  the  cooling 
performance  is  expected  to  be  greater.  The  qualitative  results  in 
view  of  the  existence  of  an  efficient  performance  range  and  the 
reaching  of  steady  thermal  equivalent  condition  are  expected  to  be 
similar,  even  with  different  TE  materials. 

With  the  variation  of  battery  temperature  keeping  the  other 
temperature  conditions  of  the  flow  field  and  of  the  supply  current 
to  TE  device  the  same,  the  cooling  performance  was  measured.  This 
condition  can  be  interpreted  as  varying  the  temperature  of  the  flow 
field  and  battery.  For  the  case  with  supply  current  to  a  TE  device  of 
1.6  A,  the  temperature  drop  is  2.8  °C  when  the  battery  temperature 
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Fig.  16.  Battery  heat  generation  due  to  operation. 


Fig.  17.  Cooling  performance  of  TE  device  with  current  variation. 
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Fig.  18.  Cooling  performance  with  large  temperature  difference  between  battery  and 
flow  field. 

is  about  30  °C  higher  than  the  average  temperature  of  the  flow  field, 
as  shown  in  Fig.  19.  When  both  temperatures  are  similar,  the 
temperature  drop  is  observed  as  2.1  °C  due  to  the  cooling  effect  of 
the  TE  device. 

3.3.  Test  results  of  winter  conditions 

3.3.1.  Test  results  on  waste  heat  recovery 

For  winter  test  conditions,  the  average  flow  field  temperature  is 
within  the  18-20  °C  range,  lower  than  the  battery's;  thus,  the  TE 
device  will  have  a  voltage  difference  across  both  sides  of  the  ter¬ 
minals.  Starting  from  59  °C  of  copper  block  (or  battery)  tempera¬ 
ture,  the  voltage  across  TE  device  drops  when  the  flow  field 
temperature  is  kept  at  19-20  °C.  The  voltage  difference  has  been 
measured  as  0.27  V  with  30  °C  difference,  and  0.1  pV  with  0.6  °C 
difference. 

3.3.2.  Test  results  on  pre-heating 

Under  winter  conditions,  the  flow  field  temperature  can  be 
lower  than  battery's  optimized  operating  temperature.  And  the  TE 
device  can  be  used  as  heating  source  with  proper  control  of  supply 
current  direction  to  the  TE  device,  whose  results  are  shown  in 
Fig.  20.  Starting  from  22  °C  of  battery  temperature  with  a  19.5  °C  in 
flow  field  temperature,  the  battery's  reach  at  30  °C  in  176  s  and  at 
40  °C  in  539  s,  as  shown  in  Fig.  21.  In  this  case,  the  battery  is 
assumed  to  be  in  non-operating  condition,  which  means  no  addi¬ 
tional  heat  generation  from  the  battery. 


Fig.  19.  Cooling  performance  with  similar  temperature  of  battery  and  flow  field. 


Fig.  20.  Battery  pre-heating  performance  with  a  TE  device  only. 


Fig.  21.  Battery  pre-heating  with  battery  heater  only. 


Fig.  20  shows  the  test  results  when  only  the  battery  is  heated 
(simulated  condition  due  to  actual  operation)  with  56  W  without 
electrical  supply  to  the  TE  device.  When  the  flow  field  temperature  is 
at  20  °C,  the  battery  is  heated  to  30  °C  in  224  s,  and  to  40  °C  in  572  s. 

In  view  of  pre-heating  during  cold  temperature  start-up  in 
typical  winter  operation,  the  TE  device  will  speed  up  the  start-up 
time  by  providing  pre-heating  for  a  cold  battery,  which  will  help 
the  battery  operation  efficiency  and  reliability  in  practical 


Fig.  22.  Temperature  distribution  from  an  infrared  camera  during  cooling  by  TE 
device. 
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application  with  a  small  amount  of  electrical  energy  to  the  TE  de¬ 
vice,  as  shown  Fig.  21. 

3.4.  Test  results  with  an  infrared  camera 

The  temperature  distribution  of  the  test  setup  was  measured 
with  an  infrared  camera  when  the  battery  is  heated  without  the  TE 
device  being  active,  where  the  results  are  shown  in  Fig.  22. 

The  TE  device  temperature  over  the  top  side  of  the  copper  block 
of  the  center  position  shows  higher  temperature  than  the  neigh¬ 
boring  copper  blocks  because  of  the  passive  cooling  effect  of  the  TE 
device.  These  results  verify  the  test  set  up  modeling  the  battery 
heating  behavior  when  heated  to  60  °C. 

Fig.  22  shows  the  temperature  distribution  when  the  TE  device 
provides  cooling.  The  TE  temperature  is  higher  than  before,  which 
means  that  the  cooling  heat  from  the  battery  actually  heated  up  the 
TE  device,  as  expected. 

4.  Conclusion 

In  this  paper,  a  feasibility  study  was  conducted  to  apply  a 
thermoelectric  device  on  a  battery  pack  surface  for  cooling  during 
summer  and  for  pre-heating  and  waste  heat  recovery  performance 
evaluation  during  winter.  Based  on  the  flow  field  and  thermal  field 
distribution  from  the  simulation,  it  has  been  identified  that  the 
optimal  flow  and  thermal  field  design  are  important  in  the  battery 
operational  efficiency,  the  charging  and  discharging  performance, 
and  eventually,  the  durability  and  reliability  of  the  battery  system, 
which  are  crucially  important  in  the  overall  performance  and 
reliability  of  electric  vehicles. 

By  applying  a  thermoelectric  device  over  the  battery  pack  sur¬ 
face,  the  cooling  effectiveness  during  summer,  and  the  pre-heating 
and  waste  heat  recovery  performance  during  winter  have  been 
quantified  through  simulation  and  lab-environment  experiment.  It 
has  been  proved  that  the  TE  device  over  the  battery  pack  in  an 
electric  vehicle  provides  a  measurable  amount  of  energy  efficiency 
contribution  with  small  input  electrical  energy,  and  more  impor¬ 
tantly,  contributes  to  the  battery  operational  efficiency  and  reli¬ 
ability.  While  intensive  studies  are  performed  to  improve  TE 
material  properties,  such  as  the  Seebeck  coefficient,  the  expected 
effectiveness  with  TE  device  will  be  higher  than  the  results  pre¬ 
sented  in  this  paper. 
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